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NASA-Ames Research Center, i_ collaboration _iIh Saadm National Lal)oralotio& is des'eloping a S¢=rmerless

Tcrtmn Mapper t$'l_f) for autonomous vchtclo guidance through the u.s¢ of virltgtl reahD.. The STM _l$Or t$

based on an innm'a_'cimaging opucal rada_t_hnoloD' thatisbeingdes'clo;x:d_' Sandin NaUonal Laboratories.

The sensorus_ acuvc flood-lightscene illuminationand an imago nncnsifiedCCD camera reccn-crtc rapidly

produce and record _y high clualiw range imagery of obse_d scenes. l_ STM m an all solsd-sla_ d_'tc_

(commnmg no mm'ing parts) and offers significant si_, l_rformance, reliabiliw, simphctW, and aff_ .ly

a(_,"anlat._ ov_ other .typos of 3-D sensor technologies, such as scanned _ radar, sleteo ",,'L_0n,anti s1:r)g'mt_

hghling. The sensor is based on low cost. com.m_rcially a_dablc hard_.nL and is vc O. well s_cd for aff0m£ablc

apphcation to a _d¢ '_rioPy of military and ¢omaw.rcial uses. including: mutation gmdano¢, larg_ rccogniuon.
robouc vison, automated insg¢_ion, dm_ enhanced _ision. collision a_dan¢c, site sccunw and momtonag, and

facilily _ng. This paper reviews the sensor t_chnolog_. (hsct_scs NASA'$ tert_n mal_ing applications, and

presents results from the initial testing of the sensor at NASA's planetary landsc:a_ simulator. Kty Words:, range
imaging, la._ radar, t.ADAIL rrmOle sensing, terrain mapping, topogr._phy, mctroloKv. 3D geoznetty, senstng.

1.0 INTRODUCTION

In terms of cnabhng a machine to accurately rccogm7¢ and c_cm thc spatial exlcnt of objocts m a n:motcl)

srased scene, acti_: opdr_ imaging sensorsprovidesignificant adsantag_ over ¢oml_ing radiofrequency (RF),

miUimrtcr wave, Ikassave _ (IR}. and wd¢o sensors. In gcacral, mmgmg sensors that ol_r_t¢ a_ olxical
fnx_n."i_ _ m.he_m .ly high resolunon. _ are Ixu'_¢ular b, well suited for high fidelfl3", umg_-,qual:ty Clara

coll¢c1_on. As compart_ to _mag,g_" from pastas_ _.asors such as Low Ligl_ L._'eJ Tcl_'tsmn (LLTV) a_ Fo_va_d
L.oolinng Infrared sen.sots (FLIP.}. acL,x_e tmagery ts less atli_ctcd b_"ambtcnt corghttons sash as changes in solar

dlaxranatmnand backgrmmd _mprrarurc.s winch ran cause largo chang_ :n targ_qo--background contrast The

:maronmrnlally :_-arlant g¢omcmc sigt_atu_ of objc_$ m an _srn_d sc_n¢ is the key favor that an aais_

range-imaging sensor is particularly w_ll suited to exploit, and xtJth the availabiluy of |ugh quality range imagery.
the task of ck'_eloping robust target discrimmaumL obstacle avoi "dan_. and aul_nomou_ w.q_icl¢ n,o_lily
algontluns is gready simplified.

The need for ._)me lyp¢ or b_;iI, scam.),g is o,)e of llx_ priiglpal pr_g,;e,,,s w,d, cu,re.l I.A_. i'k'Itx¢._ll AIal
Ranging (1 ,ADAR) sen_rs s'yslei,,s C_)nc.I I.ADAR syslei.s eillw¢ t,_ ._-chan_':d ))_-.i. 8 mirm,s, ac,.ish_a k."

_lls, l;(p,id crystal devices, or rely on some t_l_,r fOfln Of o:flurdl h'_.t) st_In,_,ng ()h,i is deft_t,'O_|froll| tl.: ,)_io. (_"

the sensor plalfon,,. As a resuh, the_ s3.qe)ns suffe_ fr:anle tale. rehability, fichl_ff-vwsb. <-(v.I. and ,,g.n.d

tf+dnSlrli_,._don pe)ulliies, and i. so,r)c _,ses, re, l,fire adck-d sig)_al pro_.'egs, _ co)-Idexil ) Io con,pcn_=dc fi)r Ih¢,.¢:
sc.anncr.,deprmle,,I deficiencies A _.-ar,rwrk'_,; s'_.sle,), hits ix_enliall) sig,,tfic._.l Prlud)ilily. c(_,l, am| site

;glvai,_Ses {_,er[.Ar)A_ _,len)s lhal e,,)l)1oy t,,ecl,:t,),cal _':i),mi)g lo.'1,iliqtx',, All|x)*,g.h ,_iim l)f_'_t)f

MASTER ""-+"++'""'°'5_ele) Dq_.lm.,,t (_I;'n_gy undo#
C(:ml¢,a:) D_-ACn4 •94AU],50)")0.



DISCLAIMER

Portions of this document may be illegible

in electronic image products. Images are

produced from the best available original

document.



D_R

This rgportwas prepareda5 an accountof work spomon_ _. an aguw_y of t_=
Umt_ Stat_ Govexumcm. Neitherthe UnitedStatm Govc_mnt nor aay altncy
thereo_,nor any of tl_iremploy_s, mak-,,uy warranty,t=Vrms or mspLtcgLor
a_umcs a_y Ic_ li_itiuor _i_qml_u for tl_ _. c_m_ or urn.
fulne_ of any LQfom_stion.al_l_tu_ l_XlUel,or l_3eessd_ or _-;_r_u
_t its _ would not mJ'nn_ pn_b:ly owned nghuL Rid_cnc_ _ to tey _l_-
cil'Jc_a! product,progess,oz servioeby u'sd¢name, tr_-_rk, nmaufac.
tuzg_,or oUam:s'm_tingsnot ncggssm'dycomtttme or iml_y its¢4glotuemcut.rggom.
mcm_tioo, or fmvorin| b_ the Unit_l Stales O_'_m_t or any alpmcy the_of.
"['he _cws and ol_n.'ons of zutho_ _ _ do no¢ ng_cs,_h_)- sULCcor
_N_I t_)_ of the Unh_d SI&II_ _,cmme.m or any al_n,,_ thereof.



u:anaede_ laser radar concepts h_ been built in the past. all required either multiple and/or gated _ceh'em and

z)ooc provided very good rap_e z_'so]udon clue to gate bandl_ldlb linU_l[iO_ In order for scannerlcss pulsc-jated
LADAR systems Io produce a single full fn_ne of mage data, they must tim collect many individual ima_ fram_

each with a dtffc_em _me _l_.' bet_en the wanuain_l pulse and acceptano: gate of the re_, am/tl_n

combioe these mel_ole frames through a potentially _,_uuonally iaten_: po_-l_mng Sml). in an aw.n_

to ci_?.lop a mox_ _oablc ahcnzm_e m com,c_ooa_ scau=d and _umerless pulse-ga_d l_=r radar
tlSandta National l.._oraton_ _ndenook me d_'eh0pmem of a ravel tcannerle_ range.imajpng cona_ u.

_)rk _as initiall.." focused a_ developing and demon_nmn$ an omonomom guidance sensor for improving |he
l_lhality of future DoE) tactical _al_n _.'_(_m& The resulting engmeenng _'alualion sen_or (slhowa in Figure [
while operating al NASA'£ the _ _pe Simulation Facility). ,e t_mencally referred to as the

Scannericss Range lmag_ (S_). It zs a _, low cost, lugh r_oluuo_ h_gh fmmc ra_ r,_ano_lc_,

r0mge-tmaging optical radar that has the following key almbul_:

• It tm_ use a variciy of vc_, ine._ve, htgh-po_f light _o_ t_l_g _h _ _:

• u_0timnd_or dmdc ta.u_r arra_.

• diode or flashlamp pumped cnymd _
• and even arrays of light emi_ng dm_s.

• It can oimmlc today at rang_ ima$c pixel _ in e_ss of mo nulhon ptxels per aemnd.

• It can ix"odu_ vcry high pixel dc_, imagery (65K pixcls/ima_ Ioday. L6M p_xels/+mSe near I+rmj.
• It is of solid _ate _onstmctJon and o_ntam_ no moving parts.

• It cmploys a diffcxcntialp_ng sch_rnc that rmnimizes the need for muformi_, m ezthe_ the hght
soth'_ or focal plane.

Some rcpresenh_ive SRI tmag_' of a mzltlat 3' x_.htcle ts _,own m Fzgu)'es 2 and 3, and itlustratc_ thc Wpc of
actively illuminmed re.fleclancetmage_ that is used to produce the cones_nding xaoge irnag,c_, i_cognmng the
po_cm_ for m_luple _ f_r this zechaolo_, _ through a technology u'ansfcr uunauvc, has also offcmd this

technology for private tm:lusl_
commevciali_mtion 12]. Po_ble civihan

applicmion_ include collision avoidance,

smarl lughway uses. roboticnavlg_tion,
anon, facility or wrrmn mapping, and
l_ying, lit addition to tl_,c
applicotimts, there am likely to be tua_

othcr applic_tim_s where the spc_ cost.
and performance of tl_s innovali_

ge<nnet_ profili_ sensor _ pmemi_ly

_nificant advantages o_r otl_ typ_ of
_cn= _ n_ssuu_ng de_'ic_. A

dctaiicd d_n of d_se other potcntia]

applicalions, as w_l] as d_ historyof d_

developmem of this ina_l_'e _mor
technology, _ bc found in ,,,_ _rli_r

SPIE paper entitled "The Emerging

Vtmlilily of a _,l,lerle_s Ranl_,e
lnmger", whk'h was presided al I1_ 19W_
SPI_- Aer¢_i_lc_ aml Reiltole ._:n_m$
Co.fereowe m ('3d_nak_, F1L'_s I*l TI_

Inolllsel, il_ _,ell .t,, a di._li.l,..'li_:lllof NAgA's

lefrliliil niap_ng alIp|ic;tlioli arc Ihc lopIG.'_
Of Ihil I_q_er

Fipr_ I: Vi¢_ of Scnnt'_teu i_r_o_ lmagcr System at NASA*s
Planetary Landscape Simulnto¢



F;gur_ 2: Repre_ntat|v¢ Range and R¢fleclinc¢ lmugery frum the Scanncdess Range lma_er take.*
at Sandia Nat;onM T_i_ulor;_" Outdoor Lair Radar Test ]zuc;I;ty, Albuqm_rque, New Mezk_

2.0 SYSTEM DgSCRIWrlON

The _L, xnedess range itnager te¢lmoIogy is based on a ooncgp¢ that was originally in_nted at _andm Nauonal
Labo_torks, and later patcntcd by the Depamnem of Energy in 1990/'l. TltiS teclmolog), allows the formal.ton of a
range image ove_ a lagge field of view (obje¢l plane) without the use of any type of beam steering or scanmttg

subsy_cm. Sandia's Scamgrle_ Range Imag_ (SKI) is a floodlzght-illununatcd,totalflcld.-of-vt_a.{s_anng)

sy,zZcm that uses an intense, modulated Light source transmiu_ along with an Jmage.zz:ten._ed _ coupk_l
device (ICCD) _1oo caatcva rcccr,_r. Dcpending on rig desized operating r,.ngc of the _'stcm. eztber a laser, or an

O[ _'C-_ lighll czniltmg dlod_ (L,P.D_) may be used as tl_ syslcm l."ansmzll_ (hglzt/Uunun_tortmod,.dalor},

Couuuuous _ (c_), Ixdscd, and clua_-¢w se_ouduc_or _ as _:LI as diode or flash _amp pumped crystal
arc all suital_ ilght _ for u_ with the SRI tochnology. Both sc_mmncluctog _ and I.EDs a_ low in

cost. and either age, or can be made _ safe tluough means ot'spm_ distribution(a tcchm(me that is not practical
for u_ _h room beam _ann¢:d LADAR s_ems). G_aUou in the 1550 nm slx_raJ _-av_-'ngth rggton is Id_o
pomMd '1, and offers a_¢]_r mc=m for acbJ_'mg eyc-s;_ operation. TIg S_J t_hnology is bascd pru_paJly on
classic continuous wave (¢w) phase detection eleetromagncticradar_-_" _ " ,t. Real-un_ n.mer_d _umc_n

oC pixel range mcasu_ments l'rom tlg modulatcgl scene illumination, is nmdc possible ID"prcdctcction mixing of

the return signal within an ima_ intensif_r, and sul_luem cxtraclion of th_ demodulated ph.'zs_ signal using n
micropmocssor bosod digital signal processor.

Our initial implementation of iIR ratzge inmging _st_m cons, is_od of a laser chod¢ ,sour_._. and an unage-intene_il'_',d

video camera receiverThe light soutc_ and the image i.le.SiGer_re syr_l,ro,_sly z,,<x|.lal_l toproch_.'e l'_h a
,.*V.kqoidal va_'iatior, in flee ._ene illuminaliofl inle_r_i_ a,kt etTective 5enq*tiv*ly of tl_ canw._ ha,*_d peoeivef

['_,:a.g the two eJcmenl_ are nN)diilaled at Ibe ._rl_ freq_gncy, a t)'l_ of ¢.'o_wre_,¢"l,li_i_*8" (at I|N."_a_c/'oorl,

c_rvelop_ fgeqxgnc'y) eom,_ in lhc image inlC_L_if_,, which preserves the pha_c di_'t-lft*l_.'l__IVI,'IL'IL'_IIl|g l'Ol_gi_
lair li_,l Ilud i_, rcl_led back rrom o1_-._ in the vi,_ed _x._. and II_e ._xJtzlaled imaMe mlen._il_¢l _il| (*hlcll.



Figure 3: One foot lso-Ruge Comou¢ Plot of Ground in the Vicinity o4' a Mobile milltar_ Vehkle

m this process, acts as a ty_ of mjcc_! local oscillator). TI_ "mixing" and dc_%'tion of w_ru signal phase

(which m_ proponiomJ to target object range differences) occurs simultaneously for all pixcJs aortas
U_ _ imaged scum. With this p_-de_,ction mixing tL'chnique, tl_ dexe_ phase tnformaUon can be collected
in lhc fcurmof subtle mn_._i .ty ,,'armtions using aa _ inle_m_g type focal pl,_n_ detecuon element, such

as the Ctmr_e Coupled Device (CCD). The demodulation and cxuracuon of range dan is _:compLisi_ through

_gital siSual post-pro_s_ng, and uses a nutumum of two francs of target r_cctanc¢ data tak_ _th different
modul_ion schemes

Witlx tim a&lition of mum xm_l¢ rtctt_ imagc paralhzauo_, the S_ tcclmolot_'alsooffcrsthc oppomL,uty to

c_3_ur¢ full-fremcrange im_gex_,_th e'_h collec_oo of a sm#¢ fr_n_ of re_ect.s_ceimagery. With this

cnhiln_mem, the $1_ conctp_ would stand _otx: as the oni), range i.mb.cr that could ¢asi._) _ro<h_.'_ high
resolution range imagery' (gr, aler titan a 2S6 x 2S6 pixei frame for, m) at video camera t)l_ ftan_ exposure rstt_
(_-30 Hz). T_ tcch,ology also Off_rsa Ix_ential for pro_'idiltg very fast ;mqui_hton of tang, t: mmgery al rates

which oouid greatly cxc'eetl tilou.wltds of fttmt_ p_r second.

Ahhough opemtlon into the X-my and Radio Frequcnol six'_trums mc potcmiMly feasib|©, the Sl_I t_h.olot_ ca.
mo_ casily operate within th¢ ultraviolet, visible, or neat-iqftared regions oi" the ¢lect;o.utgt_lic speclnu. This

region is cicfit_d by the bou.ds of available inmge intcttsifief pho4ocalhode d_'k_ sensitivity m,_d the availabilil) of

compalil_c lighl illum/n;¢lors. As a rcsul! of the dectlotrmgn¢lk: wltvelcnglh of OlX'rdDon. s _¢_t.;tntl_rlessRalt_e

i,,tager Ires inheres,fly hi_,.h _atiul fe_olulio,,, and is parilcularly _,¢11 suiled for high Grin|it). imagt_]ttlaltly data



oollcolio_. In addition to range image_., an important feature of conseqnen_ of the SRI system is the aulomali¢

gcncrabcm of pixcl re.gi_ered, acti_.ty illuminated, photographk imagery. This rinse imagin8 _ also

minimi-,_ the need for strinse_t tmifonaity requirements on th_ illuminatin& lisht _ thereby further red,cin B

transm_er co_ while at tl_ same time improving _s_tcm reliability. By. providing pixd range determination using
the combination of an inexpensive focal psnel array dcqec_or mid signal prooeasor (ofl'_f devices found in

commercial video cameras and home computen), Sandia's SILl symm timber red,0es cos1, exlends performance,

and eliminates the reliability defitknciea of the more bulky cooventionally sc_.med ra.Be imaging sy_aus.

To date, Samlis has pmduoed several _rsions of the salne bask system, which is detignod around a commerci_ll 7
availab_ disital video camera (the Dalsa CA-DI camera). This canw.ra is connc_cd to a Imst pcnmnal computer

through c'as_m electronics that provick real-lime control of the s_lem and display of the collection reftectan_ and

rinse image_ The SP.J _dstcm is operated through a friendly graphical user software interface pmlpam

that also serves to both control tl_ SRJ system and implemenl the various processing algorithnm requin_ to
produce range i_ from collected reflectance image_ Convenient data value inten'ogation, manipulaliem, and

cLispla.vof the refh:_nce and range images is also achieved tl_roush the Braphk:al inl©rface and mmtrol software
program. This operating environment s_lware is referred to as the AMISRI software (Amiga lnlerfaoe to

Scannerlett P.anEe Imaser ). I! is written in the C lanSuase and totals appmximalely 30,000 lines ofsotu_e ooda. It
provides a dual window displ._y with pop-up, push-butlo, melnus thai respond to point-and._lick mouse operations.
The software also controls the xtorage. Ioadln_ and manipulation of all image data associMed with the _d'slem m_l

also includes mnbedded on-llne dc,,;umentation thai alJows easy acc_ to many of the mcnu drlvcn control E=_res

of the system,

From the onsel of the ¢ngineeri.g _a_.alio. sys;e.m ck'vclopmem, the SILl instrument has been _esisned as a
vcrsat_ stand-alone range imaging sm_sor that is suitable for both laborator3" az_ f_d use. TI_ m-,.hitm:tum has
been designed to enable the _nsm' to be easdy reconfigum_d for tailoring m the requirements of a spe_fic
application, thus allowing a _onvenient means of rapidly and aHotdably e_uating the technology for mQ' mbitra_
tango imagin 8 application. A brief summary of the peff_ v_satiliry of the instnuncm is as follows. The
camera dock rate of the Dalsa CA-Di camera ts _ programmable from I MHz to 33 MHz. Progl_
available in 1 MHz increments. This control results in the camera frame rate being ndjus_ble from ? to 231 frames
pet second, in 7 f_ incrcmcnts. The sysl©m mchhoGUtrc c_nUtilk_, rwo _ arbilmy wavefonn Btncratots
(AWCn;) that arc usm_ to produm: intk_! analog _ signals for both the transmitl¢_r (light illumimttoO and
receiver (mk'ro-channel plate) circuits. For each of tlu:se c, rceits, up to 16 eight bit sample values can be digit_b'
programmed pe_ waveform repetition cycle The wavet'o4rm repetition file is also u_er pmgnunmable and can be
varied from ! Io 90 ,Wdz. Programmability of the wat_fo_rm repelifion tale is atlilab_e in I Mit_. Jacrements As
aa example, the SRI s)_em is typically operaled at a waveform repeUtion rate of 66 MII_. and 12 _aml_e _tlues

are used to generate a 5.5 MHz r,.musoidal drive signal. Custom analog filtering is also used within a circml to
further cnlum_ thc quality of these synthesized drive signals. The fight ompat level of the transmJner is controlled
by the tl'adlSmilltr control volt,_Se "]'his voltise is a periodic amplitude nmdo[atod voltab_e th.'_! cr_m_bines wilh a

controUcd DC _ltage. Our cunem SRI symm architeonu_ also contains user prognsranable digital
controls for all aspects of the uaasmdtcr control voltage including: ( I ) DC bias o_set Icvel. (2) amplttnde, and (3)
modulation bequcacy. The _ champ! plate DC bias oebe( k-_:i control ,* _gtudl_ 0r_Vanunable hem 0 to
1000 Volts. in 4 Volt incrcmcms. Both the amplilu_e and fmqqumncyof flu: micro channel plale bias voltage mc

u._r programmable. The h_rdware implementation for there parameters is provided by the AWG circuitry
pl_,lO_' d_ aDo_. Th_ amplitude of the penodac _ve_orm gone.mt_ I_, the AWCa = chg_alh.,
programmable from 0 to approxLmalely 100 Volts peak-to-peak. Programmability is a_tablc in 2._
;,_remc,ts across Ihe full scale span. 13olh the froqucncy and the pha_ _clstio4tship belw_, Ihe t,ans,nit _u_

rt_ive signals are usm" programmable. As di_ussed abo_¢, thc current _. stem is capable of generating arbitrary
wavffolms from ! to 90 MHz. The dcfin_,._n of wave_orm_ statable for use m thc SPA sy,_:m _'pi_dly r_r_
se_ai sample values for periodic wa_: shape definition, and the_efc_re the ,r_-able bendwidO, of the s,_nal
8encralor is llmiled to f,t_melhing appro_ching 20 ]_ri/ The 8bilily to acturalely ,_o.trol the plzaK r¢]aliOnf,hJp
I_tw_n the transmit and receive signals is also achieved through tl_ use of th_ samplc _ue potm dcfimmon,
making the a_ of avadable n:tative phase adjusunenu berwccn thc transmit and receive cln_: signals chro_
relied to the ntmd_r of sample values employcd in t_." gcneratio, of a particular synthcsi_¢d drive zignai This
fimOionality is par_ic'_latly imporlanl in the scnsor calibration phasc of ol_ration.



Cmunoucomm_ciallyavmlable photographic ¢mncra icn._s arc routinely used w_th the systc.m rc_:ivcr "rhcsc

lemes typically fill the image plane of the recei_-'f to a standard 35 nun film formal. As result, the 17 mm f_'nml
of the image inlcnsif_r it ovetfilled, and the resultant pictuure angle, e¢ the full.angle sensor field-of-view (FOV).
L,;reduced by a favor oJ["aplpcoximat©ly two as COml_ured to the FOV in a pho_ographlc camera. In addition to
_er_in8 as a ¢om_nient mmm for collecting the _ ligla and focumng the image w,ene onto tl_ a_ive area of
the image intensifier, the mechanical lens aperture adjastmem also serves u one of the principal _ for
¢ontroilin$ the reoeived light level to within the dynamic range aooeptable for u_ by the SILl system. Additional
light level control is also ax-ailablc through the transmitter illumimttion control, the gate control of the image
intensifier's photocatho_ and the rr,icro channel plate bias voltage setting

Up until March of 1996. the _,'slem was limited to a rang_ imagc uixlatc rate of approximately one frame-per-
second (256 x 256 pixel format), yielding a range imagc pixcl talc of 65K pixels pcr sccond The initial _slem

atr.hiteanm relied on the transfer of collecled r¢lkclan_ imagcry from tbc camera to thc computer for pmccssinB
intoratq_ imagery via xhe parallel port of the computer (a data transfer rate thai was limited m approximately 40

kik_.'t_ pet second). Todd,', the _em has an embedded data colk:¢Uon and prooc_in 8 capability provided

¢m_." within the camera by a custom oirou/t card _maining a s/ngle Tcxas Insmm_nts TM320C40 digital
signal processor (DSP). The integration of the range proccssor into thc camca'a has eliminatcd the parallel port data

transfer bottleneck, and thercb:,.' transfoma:d thc camcra sizc i_nmgnt into a ',_3' imprcssiv_ video rate ran_
imasr.r capeblc of producing onc to thrcc inch t)_c range rcsolution. With the affordable ($200) _n$

functionality of the "rI-c40 DSP cir,,tit card, the SRI _'stcm is capable of producing range images at a rate thai
can cxcced 30 1-1z(again. a 256 x 256 pixcl format), yielding a range image pixel rate approaching 2M pix¢ls per
second. This allows sccnes to bc "Trozcn'. and thr._" grcatly minimizing bier. b_ limiting the cffec/s of temporal

el'ranges on background illumination and larg_ albcdo.

3.0 NASA's TERRAIN MAPPING APPLICATIONS

For unmanned _ exploration opearaUons, r_earc_ at NASA Am_ P,cscaxch Center ha-._e conducted a sur_,"

of potcntml range unagmg _ and oonchtded that that a Scannerleu Terrain Mapping (STM) semm¢ ks

umqucb" qualified and _ry. att_ctiv_ for use in f_tut¢ planetary landscape cxploration. In terms of munaaned
ptan_uy, cxplot-aUon, the _mgrl_ raa_ imaginS _ could play _ vgvy important ro_ It
im_iall_." aid in the landing process by which the cxplovauon vehick is pla_ am thesurfaceof a Dlanct For tl_
proc¢_ thg range imaging _._or co_dd sc_'¢ to rapidly su_y. the surface of the planet for any ob_tac_ and/or

ground d¢Im_ons tha! mat e.xisl within the pr_¢tcrrmned landing zone, With fcetl_.k to rig landing craft
gmdangg .system, rig sensor could help g_idg the ve,htcl¢ to a Iocaaon wh:re the cff¢cts of these h=zat_ on v¢lu¢le

stabtitty ¢oudd be rmmrnizg:_L and thus pvTvtdmg it grater degree of safcW and _liabthty to the overall tal_ng
procesg

Af't_r mding tn ttu: safc placement of the exploration _hiclc onto the surface of UIc plan¢l, tlg STM sensor

mmmted on the mobile robotic exploration _:htcle could thcn serve as an obstacle detection and avoidance sensor

wluh: the mobile ex'plor_on ,/eluick: navigated on thc pl,ln_ su.,fa_. TLus is Ib¢ pnnclpal function of rig
scanncrlcsz range imaging sensor for space exploration. When combined _tb prediclP.,c vel_cle kinematics and
dynamics capability, the tcn'ain mapping f_ture of the STM sensor will improve an ©x'plorat_on _cluelc's obstacle

delection and I_essmcnt capability, and thus wall allow it great_' latitude in terms of safe, _mi-antonomous

vchictc mobilil3.. For the mobile-robotic phnctary exploration apph_tion, semmr reliability, s_,e., prover

con_mplion, and _'nam_ functionality arc the pnnc_pal ,s,su_ Thc_ cknnanding constraints eff_uvcl 7 prolubtt
the u_ of rnechamcally scanned LADAR s3_tcms. Final|y, the STM sensor co¢ld also pt_'_de _-ahte by aocxtrately
mppmg the _'i_s_d exl_oratwn path of the vehicle. _t.het_oy serving to record vaJu_ble _ienufic geolog_c':_lsc'cne
documentation.

For o_her space applications, a s_._Jnncrlcssnmse lnmgin 8 sensor o_)uld also be tL_d *o momto_r and _,,.ol

numeuve_ required for vehicles, suci, as the SlY,tee Shuttle. IO dock _*lh a,) oCoil,,_ _pace _:,ttotl. att_ls'o_

polelilially COiliroi the robotic mampltlilt0rl tlli:il lilliy, toilleday, be enipltlyed to help Ill,,iUlilltin illul fll._liif ',V'.ifiOtilt

lypes of remolely deployed _pace umct.res



In_ _ theOouud mappi_ applica_n,Sandiahasbeenworkingwithresearchersfrom tl_NASA.Ames

Center,to_ lheSRI _ology forthis_ denmndingapplicatio_InAuguslof 1995,Sandm

its e,n_n_ritlg ev_duation _ _"J_m at lqASAoAm_'s Planetz_ Surfz_ Sin_tlalmn F_lity and colk_
tl_ tim m of range image data on a sumulmed landscape e__ that represcmed a _ and Lsm_
plancln_ mu'faec.The exp_mental u:Ospis as shown in Fi_u'e 1. An example of so_ of _ _ _ _
thai wcn_ dmv_l from _s initial cxpa'mJ_ is iilus_m_l in Fq;xu_ 4. In this ttgm_, a photographic _ of _c
landscape smme is shown above s iso-range continued plot of the resulting nmge image thai wM aoUe_d with _
SRJs)1_m.TI_ sccm_iscomprisedcfa mound_ sandbcdwilha fcwscaUcrcdlargc_ in_ f_ _

a pmin_l mural _ a lV_trlian canyon on a flat wall m tbc I_kground. For tl_ p_ in Figure 4, fl_ _ _
and v_mli_axl using an ar_imu_ly _ e._oice of on_oot iso-nmse comoum. Followi_ Ous

sucomsful d_mnsU'aXion of_l_ SR! _ImoloKv, Sandia soon _hereaNer deliv_ud, a ful.lyoperauonal SKI symem go
NASA to muoport their ongoing iabo_ory research _th range imalpng semo_ tot unmanned plan_m_.
e,xplonui_withi_avirtual r_lity cnvironnm_

_gure 4: Photograpb (top) _nd One-fo_t L_ Range Contour Fq_ (bottom) of Raw _Ri Range Imager).

within r_A_A's Plunetu_ SurF,,_ ._;mul-.li_n ][:'u_;lil_ al NA._A-Am_ Re_rmr_h ('enltr.



Sanclia National l..aboratories ts _lso inte_ed m tndel_.ndemb' af_b_g SRI teclmolo83' to Virtual Reality

em_onmea_ Under sponsorship from S,mdta's L.abomo_ Directed Re_areh and Devetopmem (LDRD)

program, a multi year _ c_titied. "Aetomated Geometl_ Model Bmidin 8 Lltin8 StaaneflcB Ranp Image
Data". was initiated in FY96. This effort it specifically intended to retiree the tmlmantinl quaatity of multi-

perspoai_: range inm$ery thin can he easily coikcted with aa SRI semer, and tramform it iato malik m of

geometric nmde_ of tim v_,wed cbie_ in a scene, from which vimali_tion and _ can Im _udly and

_. aeccm_shed within a _mal reattty (VR) and/_" _ Comlmter A/ded Design (CAD)
soaware em_eanz_

There it a great deal of interest in thrco-dimcn.qonal imagin$ for a variedly of mifita:y and commercial use_ la

these applitmmons cost. ram, re_hty., and simplicity are the predominate factor% thai have inhibited the broad
comtm,-cial me of nmge muq0ng tensora. Depending on performance, l vpScal smmncd laser radars that provide
mbslaatial standoff cli_anoes cost today bet_x-en $50.000 and $_0,000. Today. tim single urn( hard.arc cost for

the basic SRI receiver ¢ompommaT tt lest than $15,000, and quantity _nt of these items would Idmly

nm'uce the cost even mote. Mint of the 3D sensing teclxnKlu_ m coral ttm lOde', employ seine from of
_slmion to develop the third dimmsaon, depth or nmf_e, and t_lc_ly do so by only sens_ mtwo-__

_:scnt_oa of a score TI_ concept is _.11 known as "s_¢rco imasm_", and is usu_lty _hicved by using two

cameras separaled by _me kno_ baseline _ so that the scene ia v_wed from different, known anSles.

An altetaam_e approach to this trianguL_on mctlx_ c_a t_ achs_'ed by r_lacmg one of the cameras tntt= stra'eo
configuration with a mmmml light source, m that tnang_ation can be achieved _weea the bght s0turce, the
camera aad each individual pi_el in the scene. While 3-D tm_m$ with t_o _ cameras ts pcrhal_ the

e_iest to understand conceptually, become ;t essenttatly m_mics human _ston, tn a pra_cal _cm tl can be

ditY3cuh to implemcm. In particttlar, m order 1o measure the _isplacemcz_t of l_tut'es m the scene_ as seen by the
two cammas, it is na:cssmy to ick:n_y and match each of tim f_. As u;cnes bccotne mote complex, the

compmationai burden become _ry great. In addition, the _ewing geometry, that is the position of the t_)
canmra_ the stability of the mnbtent light lcs_l, the spatial di_10ribution of target refleetivity, and the almrtutions iu
the OlpOcal Wst_rt of each camera have a large inqmct on the perfonmmct of It tt.n_ured light sytlem. Bccau_
there it only one came_ in a slntctluured light 10"s_tem.the_ is less data 1o be per_ compared to • _ereo

s)_..m. The algorithms required to process the dam me also Umpter, and therefore structun:d Usht is mmetiat_
seen as having an ndvantagcs over stereo viewing sy_'ms. The obvious disadvantages of course are (l) the need for
an active illuminator that can be actatratcly scanned across the soene. (2) the need for the ntany line images that

must be collected and processed tn order to build up a tangle 3-D image of a vit_ved s_'nc, and t3} the need for
frequent equipmem registration and calibration maintenance. Clearly. a high speed 3-D imaging "magtc camera"
which like the SI_I. can _y measure the distance to all objecas in an observed scest_ is the best _t_), to pnxhtc_

range imagery. We are very excised about the many applications, in a wide variety of fields, w_ctx this tecimology
will benefit our society.

Within _-arious image understanding research communities, there exists substammi adv_-e_y f_r bo4h laser rada_
(LADAR) and its associated hnaSe analysis techniques to provide one of the most _omcnieu_ and accumtc means

Of intcrplx'ting observed scenes. Howc-vcr, tl_ pelformanc_, size, cost. m_ reliability, of pr_lous range imltging
sensors have _evemed a more rapid introduction and broader _. The low _-x)st. high vesolutioa, and ease

of o_cfation of the SRI sensor can immediately enhance ongoin8 and emerging wm'k in many re.arch ureas
c_rtentl) involved with any form of 3-D objcet descliptiou front multiple ran_ge images With the SI_i urn_r

tcchnoloKy, it is practical to put mngc imngin S sensor h.'trd,,vam in the bands of the iv_tvldual LADAR b.-,_d
irr_ce under_U,.dmg re¢_.nrcl_r, and Sandia N:llioiuli l_tbonltorif5 _e_'d t_.) h;t_,e _htfled Ihi_ proor_ will,
_A_A-Ame_

4.0 F'|;TI'_F, DIRE("rlt')N

Sarv_ia'; S,:;,nnerlc_._ P.ange hnager f_nsor develop, efforts have fo:m,,xt c_n applDng this technoloEy tn

military munition guidance and fa/i,tg applic.ation_ , h._ve ._'uc_xs._fully _h_t__d ,talc of the an LADAR



performance in many areas, most notably m range r_oluticn, imago ac_ui_uon rate. and image pixcl ckn_ly. W¢
_tcd betler than one loot range r_oluuoa for _rget _ approa_hJng one kilon_cr, u._ng an

inexpemiv¢, g-bit,image intensified_cko cantatas_tem. Under our currenttensor _'vciopmcat ¢fforts,the

maturityof Uti$innovanve range imaging sensortcclmolog_"Iresbeen de_:lopeA to a pointwhere ttcan now be

lol_ally and _l'ordsbly t_en in a number of different _rections, esch olTcnng to provide a unique range imaging

capability for cnlmn¢_ remote sccr_ sensing tmage u_ng uses. Tltc_ potcntial tensor ,nnovalions
inch,:

(1) gcneraUon of pixcl rc.gis_d range and multi-corot (multi-qm_ral) _dco imagery.

(2) _c aoqui_lJOn of _,_P,."high ran_ rcr_lulJon bmaget_. (milllmeler type range accuracy.)+

13) gtacratioe of image fraax ptx¢i dcnstti_ in txC_'S:; of 2K x

(4) m:,p-shot (freeze-frame) _: ima$¢ c_ptum.

(5) lascr bascd _x,-safe operation in the 1.5 pm wavelength region, and

(6) generation of range image_' utlngalternatNx focal plane delcctor arrays, such as a
semiconductor(CMOS) a_n,'¢ pix¢l scmo_ 9_.

We ha_ identified _,.ll developed, and practical engineering approaches to achieve these potable tenso_
imprutxatcnt dc,'clopnmmt objectives, and arc actively seeking opponumties to pursuc these chaUcnging
enginccring cflrorts. Tl_ rangc imaging tensor capabili_' enhant_emenls described above writ have immedial©

applicability, to many ongoing and cmcrging e.fforts of conur.ercial and military, imporlan_. Thcy will have

particular apphca_/on to those arca_ whea'c fasl, dens:, pixcl rtgist_cd _inglc or multi-_'p¢ctral _,dco and LADAI'
imagery, m either e3"¢-safe and/or "out-of-band" detectionregions of the clectromagnotlcf,pcctrura, it roqnirt_
and wc lock fort_ard to th= oppormaity to be able to pursue these irmo_-_uvc range tmagmg sensor enlmncemcn_
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